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Bacillus anthracis spores are a potential threat to countries in the context of biodefense. We have already seen the destructiveness
of the anthrax attacks in the recent past. This study presents an aminated-poly(vinyl chloride) (PVC-NH,) coated quartz crystal
microbalance (QCM) immunosensor for simultaneous rapid detection of B. anthracis spores. PVC-NH,, synthesized in the
laboratory, was used as an adhesive layer for monoclonal antibody immobilization on gold quartz crystal. The prepared QCM
sensor was tested using a pathogen field strain of B. anthracis (GenBank number: GQ375871.1) under static addition and flow
through procedures with different spore concentrations. Fourier transform infrared spectroscopy (FTIR-ATR) and scanning
electron microscopy (SEM) were performed to characterize the surface of the sensor during the modification. Furthermore, a
series of SEM micrographs were taken in order to investigate surface morphology and show the presence of the B. anthracis spores
on the surface. It is concluded that B. anthracis spores can be accomplished by using amine functionalized polymer coated QCM

sensors without requiring complicated immobilization procedures or expensive preliminary preparations.

1. Introduction

Bacillus anthracis, the etiological agent of anthrax, is a spore-
forming bacterium. Dormant spores are highly resistant to
adverse conditions including heat, ultraviolet and ionizing
radiation, pressure, and chemical agents. They are able to
survive for long periods in contaminated soils and thus
account for the ecological cycle of the organism. In a suitable
environment spores reestablish vegetative growth [1, 2]. There
are three types of human anthrax known: gastrointestinal,
cutaneous, and inhalation anthrax. The most dangerous
form, inhalational anthrax, results from inhalation of spores
aerosolized in sufficiently small particle sizes (5-10 ym) to
reach the alveoli. The inhalation anthrax is the most severe
one because 99% casualties occurred in individuals who were
not treated before symptoms developed [3].

The threat of B. anthracis spores as a bioterrorism agent
has created an urgent need for a rapid real-time, highly

selective, and sensitive technique to detect the presence of
anthrax spores. The traditional methods for B. anthracis
detection are primarily based on bacteriological, serology-
immunological, and genetic methods [4]. Most of these
methods are labouring and time consuming, especially
traditional approaches which involve the growing of the
microorganism on selective media for at least 24 h followed by
morphological and biochemical analysis [5]. With the devel-
opments in the field of science and technology alternative
studies, including biosensors, against traditional methods
have gained momentum.

After the relationship between the change of resonance
frequency of quartz and its mass is shown by Sauerbrey [6],
piezoelectric crystals have become one of the most popular
transducers used in biorecognition due to their properties
such as being cheap and giving rapid and linear response
[7, 8]. To date, QCM immunosensors have been developed
to detect pathogenic microorganisms such as Francisella



tularensis [9], Vibrio cholerae [10], Ebola virus [11], and
Influenza virus [12]. However, to the best of our knowledge,
there are only two articles related to B. anthracis spore
detection via QCM immunosensor in the literature. First, Lee
et al. [13] used spores of Bacillus subtilis as a nonpathogenic
simulant for B. anthracis in their study. In order to immo-
bilize antibodies on the surface they used the self-assembled
monolayer (SAM) method. They coated the gold electrode
with 3,3'-dithiopropionic acid and subsequently the surface
activated with the 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide (EDC) and N-hydrocylsulfo-succinimide (NHS).
Also, ethanolamine was used to block unspecific sites on the
surface. Required times for all steps have not been stated
properly. Authors indicated that prepared immunosensor
setup successfully detected the spores and the theoretical
lowest detection limit of the immunosensor was 450 spores.
Second, Hao et al. [14] used spores of B. anthracis strain
A16 in their study and they also prepared their own mon-
oclonal antibodies. They immobilized antibodies on the
surface functionalized with mixed SAM and protein A. In
order to get mixed SAM they coated the gold electrode
with 11-mercaptoundecanoic acid and 6-mercaptohexan-1-
ol. Subsequently, the surface activated with EDC and NHS.
Activated mixed SAM surface was then coated with protein
A. Also, bovine serum albumin was used to block unspecific
sites on the surface. Total spent time for this method was
approximately 31.5 hours. Authors indicated that B. anthracis
spores and vegetative cells have been simultaneously detected
by prepared QCM sensor with success and the theoretical
lowest detection limit of the QCM immunosensor was 1 x 10>
spores.

Till this time many immobilization methods have been
tried with piezoelectric biosensors, but there is still no one
ideal method that gives high immobilization yield and good
stability. Moreover, the complexity and diversity of biological
compounds that can be used for different purposes make
it even harder to come up with one optimum method [15].
Therefore, it is necessary to find a suitable immobilization
method for each biological material and particular applica-
tion.

Poly(vinyl chloride) (PVC) is commonly being used as
matrix in gas and ion selective sensor applications [16]. On
the other hand, PVC as a sensor material might have some
certain advantages such as short response time, reproducibil-
ity, and simple design when it is made up of functional
group (e.g., aminated, carboxylated). In literature, there
are not any immunosensor applications among biosensor
studies with aminated PVC, while there are some studies
in which aminated PVC has been only used for making
enzyme immobilization easy [17] or used as a membrane
in ion selective electrodes [18]. In this study, we prepared a
QCM immunosensor for simultaneous rapid detection of B.
anthracis spores using PVC-NH, as an adhesive layer. Mean-
while, we tried to point out that, when an aminated polymer
is used as a coating material, complicated immobilization
procedures and expensive preliminary preparations will not
be required during sensor setup.
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2. Materials and Methods

2.1. Apparatus. The QCM measurements were carried out
in a Model 400A time-resolved EQCM (CH Instrument,
USA) linked to a computer equipped with electrochemistry
software. The software can record simultaneously Af-t. The
frequency change, Af, is converted into the mass variation,
Am, through the Sauerbrey equation [6]. Experiments using
gold (Au) AT-cut quartz crystal (CHI125A) with a fundamen-
tal frequency 7.995 MHz (area 0.205 cm?), Teflon detection
cell kit (CHI127), and QCM flow cell kit (011121, ALS Co.,
Ltd., Japan) were performed. At the flow through procedure,
in order to get continuous stream of buffer solution ISM831C
peristaltic pump with SC0049 tubes (Ismatec, USA) and also
to add spores on the buffer stream KDS-100-CE syringe pump
(KD Scientific, USA) were used. The elemental analyzer
was a varioMICRO CHNS instrument (Elementar Anal-
ysensysteme GmbH, Germany). IR spectra were obtained
on a Spectrum 100 FTIR spectrophotometer (Perkin Elmer,
USA) using ATR in the range of 4000-650 cm™'. "H-NMR
spectrum was recorded in dimethyl sulfoxide-d, on a DPX
400 FT-NMR spectrometer with SiMe, as internal standard
(Bruker, USA). SEM images were recorded on JSM-7000F
Field Emission SEM apparatus (JEOL Ltd., Japan).

2.2. Chemicals and Other Materials. Monoclonal antibody
(mADb) against B. anthracis spore was obtained from Senova
GmbH (Germany). Schaeffer Fulton stain kit, tryptose agar,
plate count agar, 1,3-diaminopropane (1,3-DAP), dimethyl-
formamide (DMF), PVC, phosphate buffered saline (PBS),
PBS-Tween 20, and methanol (MeOH) were purchased from
Sigma-Aldrich. Geobacillus stearothermophilus spore suspen-
sion (Attest 1262 B.I./steam) was purchased from 3M, USA.
The deionized water used was generated from a Millipore-Q
water system (18.2 MQ cm). All other agents used in this work
were analytical grade.

2.3. Synthesis of PVC-NH,. PVC-NH, was synthesized in
our laboratory by modification of the previously described
protocols [17, 19, 20]. PVC (3.2 g) and 1,3-DAP (25 mL) were
dissolved in 80 mL of DMF. The mixture was refluxed for
3h at 60°C. After cooling the reaction mixture to room
temperature, 15mL deionized water was added. Then, the
resulting product was washed with MeOH and was air-dried
(Figure 1).

2.4. Preparation of QCM Immunosensor. The quartz crystal
was cleaned with fresh piranha solution [conc. H,SO,:30%
H,0, (v/v) was 7 : 3] for 20 seconds. Subsequently, the crystal
was rinsed with deionized water, followed by drying with
N,. After cleaning up, PVC-NH,, which was prepared by
dissolving 1 mg PVC-NH, in 3 mL DMEF, was deposited onto
the gold surface of quartz wafer by a drop coating method
and allowed for 5 hours in room temperature to get film layer.
Then, the crystal was incubated with 0.8 mg/mL mAb against
B. anthracis spore for 12 h at 4°C (Figure 2). After incubation,
it was accepted that all -NH, groups had reacted with mAb
and a nonspecific binding blocking agent (e.g., bovine serum
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FIGURE 1: Schematic diagram according to synthesis of PVC-NH,.
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FIGURE 2: Schematic of PVC-NH, modified QCM immunosensor.
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FIGURE 3: Schematic of the experimental setup.

albumin) was not used since there was not any specific groups
in PVC which might react with the target.

2.5. Preparation of B. anthracis Spores. For this study a
virulent strain of B. anthracis, isolated from an outbreak
of anthrax which occurred in Turkey, was used for spore
production. The pathogenicity of the employed strain, that is,
the presence of the pXO1 and pXO2 plasmids, was shown by
in-house PCR (the data are not shown here). Furthermore,
16S rRNA gene sequence analysis was performed for identi-
fication (GenBank number: GQ375871.1). Preparation of B.
anthracis spores was done according to the work of Fasanella
et al. [21] with slight modifications. B. anthracis was cultured
on tryptose agar at 37°C for 48 h. Then, it was followed at
23°C during 2 weeks. Sporulation was periodically monitored
by using the Schaeffer-Fulton method. When sporulation

reached 95%, the vegetative organisms were inactivated by
incubation with a suspension of 50% MeOH-50% saline at
37°C for 1h. For MeOH elimination, spores were washed
three times with saline and the pellet was suspended. The
number of spore forming units was evaluated by plating 10-
fold dilutions in saline onto plate count agar plates which
were incubated at 37°C for 48 h. Afterward, from a suspension
containing about 3 X 10° spore-forming units per mlL,
dilutions of viable spores were prepared in PBS-Tween 20 on
intended concentrations.

2.6. Experimental Procedure. In this study, prepared QCM
immunosensor was tested with two different formats, namely,
static addition and flow through. A schematic illustration of
the experimental setup used in this study is shown in Figure 3.



At the static addition format, QCM immunosensor was
located onto the detection cell kit and one side of the crystal
was exposed to 95 uL of PBS buffer, pH 7.4. When a state of
equilibrium was reached, 5 uL of B. anthracis spore solution
at desired concentration was gently injected into the PBS
buffer. Afterward, the frequency shift of the sensor was
recorded as a function of time until it reached a stable level.

As distinct from the static addition, continuous stream
of PBS buffer solution at 30 uL/min flow rate was injected
into the flow cell kit with a peristaltic pump at the flow
through format. The role of this continuous bufter stream is to
remove unbound and/or nonspecific accumulation of targets
near the sensor surface. After the system reached stable level,
B. anthracis spore solution in different concentrations was
injected into the buffer stream at 200 yL/min flow rate with
a syringe pump. Finally, the frequency shift of the sensor
was recorded as a function of time until it reached a stable
level, 1 Hz/min, again. While testing the specificity of the
immunosensor, the same procedure was repeated with the 5 x
10* spores of G. stearothermophilus.

3. Results and Discussion

In order to elucidate the structure of synthesized PVC-
NH,, FTIR, "H-NMR spectra and elemental analysis were
examined. The elemental analysis of the final product shows
that PVC was 10% aminated (C, 39.04%; H, 6.08%; N, 9.97%).
"H-NMR (DMSO-d4) & ppm: 3.54 (broad, NH,), 1.48-1.41
(2H, C-CH,-C, Jcy = 6.72-6.67), 2.70 (4H, CH,-CH2-
CH,). FTIR (neat) (ATR» cm™'): 3355, 3317 (NH,), 2973-2911
(CH,, CH), 2854-2176 (intramolecular hydrogen bonds),
1672 (trans RCH=CHR), 1628 (R-CN-), 1566 (NH), 1487
(CH), 1465 (CH,). The obtained FTIR spectrum, compara-
tively with PVC, is shown in Figure 4.

FTIR equipped with ATR apparatus can be used to inves-
tigate coated surfaces and perhaps it is the most powerful tool
to identify the types of functional groups on the surface. By
interpreting the infrared spectrum, the functional groupsina
molecule can be determined. Therefore, to investigate active
-NH, groups on the quartz crystal surface, FTIR was per-
formed. The results of spectral data are FTIR (ATR yem ™)
3673 (NH, NH,), 3283 (NH, NH,), 2972-2920 (CH, CH,),
1646 (R-CN-) (Figure 5). In addition, SEM micrographs of
the crystal surface coated with both PVC-NH, and mAb were
presented in Figure 6.

It is well known that specific antigen-antibody interac-
tions and sensitivity of the QCM sensor are dependent upon
various factors, including roughness of the crystal surface,
pH and the ionic strength, conductivity, and the electric
constant of the buffer. Influence of these parameters on
the QCM sensor response has already been shown at the
previous studies [22-24]. In this study, the influence of these
factors was minimized by using the same type of optically
polished crystals and using PBS buffer (pH 7.4) for all of the
experiments.

Response of the QCM immunosensor at the static addi-
tion procedure for the 2.5 x 10* spore concentration is
given in Figure 7(a). As seen in the figure, approximate
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FIGURE 5: FTIR spectrum of the crystal surface coated with PVC-
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+15Hz fluctuation around 53s is resulted from analyte
injection. After frequency shift reached maximum, —51 Hz, at
690 seconds, system was stabilized around 1450 seconds at
—29 Hz. This 22 Hz frequency shift appeared probably due to
heterogeneous QCM immunosensor surface and nonspecific
interactions at the surface-analyte interface.

Flow rate is one of the main factors which affect the
frequency change at the flow through procedure. The flow
rate of the buffer and target injection is important since the
size of spore is too large compared to an antibody. A high flow
rate will result in the analytes swept out over sensor surface
without having a chance to bind to antibodies. Too slow flow
rate will also lead to unnecessary accumulation of unbound
analytes near the sensor surface. Certainly, the choice of
optimal flow rate depends on the size of the tubes and the
type of a flow cell. Features of flow cell-like shape/geometry
of reservoir, angle and diameter of inlet-outlet hole have effect
on sample dispersion and diffusive mass transport. Because of
that, the type of flow cell has an indirect impact on the flow
rate. In this study, we determined the flow rate as 30 #L/min.

Figure 7(b) represents the response of the QCM
immunosensor at three different concentrations of B.
anthracis spores in flow through format and their calibration
curve plot. During the spore injection a small fluctuation
occurred, +5 Hz; afterward, the system reached equilibrium
again and stabilized. As seen in the figure, frequency shift
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FIGURE 10: (a) Af-t spectrum of PVC-NH, modified QCM immunosensor against 5 x 10* spores of G. stearothermophilus at flow through
format (raw data). (b) SEM micrograph of the QCM sensor surface after experiment with G. stearothermophilus spores.

was increased along with the spore concentration and 8.72,
28.61, and 35.56 Hz frequency shifts were observed for the 1
x 10%, 2 x 10*, and 3 x 10* B. anthracis spores, respectively.
However, there were still small frequency ripples at the
system. The reason of why these ripples persisted was due
to internal noise of system. This internal noise can result
from the oscillator, frequency counter, or the mechanical
noise of the peristaltic pump. In fact, amplitude of the noise
determines the theoretical lowest detection of the sensor
[13]. In order to determine the noise level of the prepared

QCM immunosensor, last one minute data of the sensor
response given in Figure 7(b) was used. By using the detected
noise level, 0.3 Hz, theoretical lowest detection limit of the
immunosensor was estimated as 2187 spores [13, 25]. Data
related to determined noise level is shown in Figure 8.

After the B. anthracis detection experiments, quartz
crystals were disconnected from the detection cell and air-
dried. Then, crystal surfaces were observed by using SEM.

Captured spores on the sensor surface can be seen in Figures
9(a) and 9(b).
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In order to evaluate the specificity of the immunosensor,
the response of the mAb functionalized QCM biosensor was
tested with the 5 x 10* spores of G. stearothermophilus at the
flow through format. The response of the QCM sensor and
SEM image of the sensor surface at the end of experiment
were shown in Figures 10(a) and 10(b), respectively. During
the spore injection, the immunosensor had a negative fre-
quency shift, but frequency turned rapidly to the beginning
state and became steady at 1Hz after the injection had
finished. This was an indication that G. stearothermophilus
spores could not be captured on the sensor surface. SEM
image of the sensor surface also showed that there was no
interaction between the mAb functionalized sensor and the
G. stearothermophilus spores.

When experimental results and SEM images are evaluated
together it can be said that PVC-NH, coated surfaces have
free amine groups to bind antibody and also interact with Fc
(fragment crystallizable) region of antibody. Therefore, Fab
(fragment antigen-binding) regions which will capture spores
are functional. Furthermore, PVC-NH, attaches to the gold
surface of the quartz crystal with physical adsorption and
covers the whole surface entirely. As a result of these, it can be
said that it is possible to use the polymers containing amine
functional groups as a coating material in antigen antibody
interactions without requiring complicated immobilization
procedures or expensive preliminary preparations.

4. Conclusion

In this study, an inexpensive and easy setup PVC-NH, coated
QCM immunosensor was defined for B. anthracis spore
detection. It was shown that the polymers containing -NH,
functional groups can be used as adhesive layer on sensor
surface for antibody immobilization. To simulate the usability
of prepared QCM immunosensor in a possible “real-world”
situation, a pathogen field strain was used. According to
the data obtained from experiments conducted on primates,
estimated infective dose for B. anthracis is 8000-50000 spores
[26]. Prepared QCM immunosensor was tested under static
and flow through methods in the range of infective doses
mentioned above and its performance was also close to the
previous studies.
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